In this report the initial development of an elastic-plastic material model for tire shreds material has been presented. This report presents the results of material model calibration using wave propagation tests on a triaxially loaded tire shred specimen.
INTRODUCTION
Civil engineering application is a growing market for scrap tires. Scrap tires have been successfully used as light-weight fill (Humphrey and Manion 1992) ; (Tweedie et al. 1998) ; (Humphrey and Nickels 1997) , insulation beneath roads (Humphrey and Eaton 1995) , lightweight backfill for retaining walls (Tweedie et al. 1998) , overlay of underground ramps or storage space (Heimdhal and Drescher 1999) , and as stream crossing (Gebhardt 1997) , primarily because of low unit weight, high permeability and good insulating properties.
The placement and compaction of tire shreds leads to a layered material and hence, its in-plane deformability parameters (Young's modulus, shear modulus and Poisson's ratio) are expected to differ from the out-of-plane parameters. Isotropic deformability parameters and time-dependent creep behavior of tire-shred were reported in the past by several researchers (Humphrey and Manion 1992) ; (Humphrey and Eaton 1995) ; (Tweedie et al. 1998) ; (Heimdahl and Drescher 1998) ; however, only a few studies have been carried out to evaluate anisotropic properties of a tire shred model. Heimdahl and Drescher (1999) first attempted to develop an elastic anisotropic model for tire shred behavior using a biaxial testing apparatus. They reported over a dozen plane stress tests at two loading conditions and averaged the elastic constants thus determined. A large variation of in-plane Poisson's ratio was reported with the possibility of negative values discussed. The authors acknowledged that the test apparatus employed was not the best for determining Poisson's ratio.
The aim of this study is to use large scale triaxial tests to calibrate the elastic and elasticplastic material model for this anisotropic material and to use this elastic-plastic material model in numerical assessment of siesmic behavior of bridge abutments. The scope of this study also includes validation of the model by simulating two bridge abutments made of tire shreds in a large centrifuge facility at UC Davis. In this report the results of £rst triaxial test and initial development of an elastic-plastic material model has been presented.
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where, E = E 11 = in-plane Young's modulus; E = E 33 = out-of-plane Young's modulus; G = G 12 = in-plane shear modulus; G = G 31 = out-of-plane shear modulus; G = G 13 = out-of-plane shear modulus. Note that the in-plane is the 1-2 isotropy plane (horizontal) and out-of-plane is the 3-direction (assumed vertical). The above elastic material constants, E, E , G, G , and G can be determined from 3-dimentional P-wave and shear wave velocity tests. The equation relating in-plane Young's modulus (E) and in-plane P-wave velocity (V c i ; i = 1, 2) is,
Similarly, the equation relating out-of-plane Young's modulus (E ) and out-of-plane P-wave
The equation relating in-plane shear modulus (G) and in-plane shear wave velocity with horizontal polarization (V H s i ; i = 1, 2) is,
where wave propagation is in the i-direction (i=1,2) with horizontal polarization. Similarly, the equation relating out-of-plane shear modulus (G ) and out-of-plane shear wave
where wave propagation is in the 3-direction with horizontal polarization. Finally, the equation relating out-of-plane shear modulus (G ) and in-plane shear wave velocity with vertical polarization (V V s i ; i = 1, 2) is,
where wave propagation is in the i-direction (i = 1, 2) with vertical polarization.
ELASTIC-PLASTIC CONSTITUTIVE LAW
The most general form of elastic-perfectly plastic incremental stress-strain relationship can be expressed as (Chen and Han 1988) ,
The coefficient tensor in the bracket represents the elastic-plastic tensor of tangent moduli for an elastic-perfectly plastic material,
The tensor of elastic moduli, C ijkl , can be expressed in terms of E and ν as (Chen and Han 1988) ,
Now, from Hooke's law
Substituting Eq. (14) into Eq. (15) and simplifying gives:
in Eq. (16) we have,
Assuming a Drucker-Prager material model, the yield function, f , is given by, f (σ ij ) = F (I 1 , √ J 2 ) − K = 0 and hence it follows that
Substituting Eq. (18) into Eq. (17) we have,
where dλ has the form,
Now, the Drucker-Prager yield condition,f, is given by
Combining Eqs. (19), (20) & (21), we have the most general form of Drucker-Prager elasticperfectly plastic constitutive relationship as,
MATERIAL AND METHODS
The concept of triaxial tesing of tire shreds has been considered by some and easily dismissed because of the material and equipment logistics required. At UC Davis, a large sample triaxial compression specimen was used for testing P-wave and shear wave (S-wave) propagation characteristics.
Material
The size of tire shreds, provided by the California Integrated Waste Management Board (CIWMB), ranged from about 30 cm long by 5 cm wide by 0.8 cm thick (long and thin) to about 10 cm long by 5 cm wide by 5 cm thick (massive rubber) to about 3 cm long by 2 cm wide by 0.8 cm thick (chips). A trace of tire crumbs (2 to 5 mm size) was also noted. These dimensions are typical of routine tire shredding operations. The specific gravity of the tire shreds was determined to be about 1.20. The variation in porosity from loosest to densest was estimated as 0.68 to 0.49.
Methods
The compaction mold for a large triaxial test specimen of tire shreds was fabricated from a 1.2 m inside-diameter polypropylene culvert (provided by CIWMB); 1.25 mm latex sheeting was used to fabricate the triaxial test membrane. The end platens were 25 mm (top platen) and 12.5 mm (bottom platen) thick steel plates. The load frame was an existing structural steel frame used for consolidating large soil samples at the National Geotechnical Centrifuge at UC Davis. Vertical load was provided by dual-acting, 76 mm-diameter, hydraulic rams with a 76 cm-stroke and a maximum operating pressure of about 20 MPa. Vacuum loading for confining pressure was provided using a high-volume Thomas Industries H50A-60 vacuum generator working off air pressure. Instrumentation for measurement of P-and S-waves consisted of 42 piezoelectric, ICP accelerometers by PCB Piezotronics.
After the latex membrane was secured to the bottom platen, the mold was secured in place and the combined apparatus was placed on a specially fabricated lifting frame to provide a solid stable base for the bottom platen to rest on during sample preparation. Two horizontal and two vertical rows of accelerometer arrays were established as shown schematically in Fig. 1 .
The tire shreds were placed in approximately 150 mm lifts, about 100 kg per lift and compacted with a walk-behind vibrating plate compactor (Wacker model) with a 172 kg static weight. As each lift was brought to the level of accelerometer placement, precise accelerometer locations were determined using a pre-marked rod and plumb bob. The completed triaxial test set up, placed in the load frame, is shown in Fig. 2 .
As discussed earlier, the directional Young's moduli and shear moduli were obtained from three-dimensional P-and S-wave velocities. The P-and S-waves were generated by striking appropriately positioned metal or PVC striker blocks (either welded to the top and bottom platens or inserted during specimen preparation) with a 0.5 kg, double-headed 'dead blow' hammer. The P-and S-wave velocities were measured through the accelerometer arrays shown in Fig. 1 and recorded via a data aquisition system with a scan rate of 10,000 readings per
FIG. 1. Schematic of Accelerometer Array

FIG. 2. Triaxial Test Set Up
second from each accelerometer. The vertical and horizontal stresses chosen for the triaxial test were 23.9 kPa and 11.3 kPa respectively. For detailed description of the test refer (Jeremic et al. 2003) .
TEST RESULTS AND DISCUSSIONS
A total of 21 wave propagation tests were performed from different wave source loacations. From wave propagation tests, the P-and S-wave velocities were measured and moduli were calculated using appropriate formuli e.g. the in-plane Young's modulus (E 11 = E 22 = E) and the out-of-plane Young's modulus (E 33 = E ) were calculated from Eq. (7) and Eq. (8). The in-plane Poisson's ratio (ν 12 = ν 21 ) was calculated from the in-plane shear modulus Eq.( 9) and in-plane Young's modulus as,
The out-of-plane Poisson's ratios (ν 31 and ν 13 ) were calculated from the in-plane Young's modulus (E 11 ), out-of-plane Young's modulus (E 33 ), and out-of-plane shear moduli, G = G 13 (Eq. 11) and G = G 31 (Eq. 10) as
and
To describe the behavior of a cross-anisotropic material, five independent elastic constants are required. All other constants can be defined from these five independent constants. In this study the redundant constants are calculated either for use in the elastic-plastic material model Eq. (28) or to cross-check with published data (Heimdhal and Drescher 1999) . The test results are tabulated in Table 1 . The current testing program showed that the computed G 31 was equal to the computed G 32 , as would be expected for a cross-anisotropic material. The testing also showed that E 11 was greater than E 33 , and that the ratio appears to increase with increased loading. Thus the data appears to confirm the cross-anisotropic assumption proposed for the layered tire shred model.
ELASTIC-PLASTIC MODEL AND CORELATION WITH G/G M AX
The general form of three-dimensional Drucker-Prager elastic-plastic constitutive relationship Eq. (22) can be simplified to any direction of interest. Thus, knowing the current state of the stress tensor and strain-increment in that particular direction, the stress increment in that direction can be solved for incrementally to get the elastic-plastic stress-strain relationship.
For the case of shear wave propagation in the 3-direction with horizontal polarization Eq. (22) can be simplified to the following form by substituting i = 3; j = 1; m = 3 and n = 1,
FIG. 3. Predicted (a) Elastic and Elastic-Plastic Stress-Strain relatonship and (b) Variation of Shear Modulus with Strain
The bulk modulus, K, is calculated from E 11 , E 33 , ν 12 , ν 31 , using the relationship,
The Drucker-Prager material constant, α, is related to the friction angle, φ, as,
Knowing E 11 , E 33 ,ν 12 , ν 31 (Table 1 ) and assuming φ = 20 0 (Tweedie et al. 1998 ) Eq. (27) was solved incrementally and the predicted elastic-plastic stress (τ 31 )-strain (γ 31 ) relationship is shown in Fig. 3(a) .
Eq. (27) also represents the variation of G/G max which is usually found in traditional analysis of dynamics of frintional media. The term inside the bracket in Eq. (27) is the elasticplastic shear modulus, which is dependent on the stress deviator and reduces with increase in stress/strain. Fig. 3(b) shows the predicted reduction of shear modulus in terms of dimensionless parameters G 31 /G 31max versus γ 31 .
CONCLUSIONS
Based on this experimental and theoretical study, the following conclusions can be advanced: 1. Three-dimensional triaxial P-and S-wave velocity testing can be used to determine the five elastic constants necessary for the modeling the behavior of the anisotropic tire shred material. 2. The test results demonstrated the cross-anisotropic nature of the tire shred material.
